This Review highlights selected frontiers in pruritus research and focuses on recently attained insights into the neurophysiological, neuroimmunological, and neuroendocrine mechanisms underlying skin-derived itch (pruritogenic pruritus), which may affect future antipruritic strategies. Special attention is paid to newly identified itch-specific neuronal pathways in the spinothalamic tract that are distinct from pain pathways and to CNS regions that process peripheral pruritogenic stimuli. In addition, the relation between itch and pain is discussed, with emphasis on how the intimate contacts between these closely related yet distinct sensory phenomena may be exploited therapeutically. Furthermore, newly identified or unduly neglected intracutaneous itch mediators (e.g., endovanilloids, proteases, cannabinoids, opioids, neurotrophins, and cytokines) and relevant receptors (e.g., vanilloid receptor channels and proteinase-activated, cannabinoid, opioid, cytokine, and new histamine receptors) are discussed. In summarizing promising new avenues for managing itch more effectively, we advocate therapeutic approaches that strive for the combination of peripherally active antiinflammatory agents with drugs that counteract chronic central itch sensitization.
The study of pruritus in a nutshell Itching (pruritus) is perhaps the most common symptom associated with numerous skin diseases and can be a lead symptom of extracutaneous disease (e.g., malignancy, infection, and metabolic disorders) (1, S1). However, despite approximately a century of pruritus research (2, S2, S3), there is no generally accepted therapy for the treatment of itch, and many mysteries, misconceptions, and controversies still haunt this rather neglected, yet clinically important and scientifically fascinating, niche in the life sciences (3, 4, 5) .
It is the brain that itches, not the skin Pruritus causes the desire to scratch the skin and is experienced as a sensation arising in the skin. However, like all other skin sensations, itch, strictly speaking, is an extracutaneous event - a product of CNS activities. The intense itch we feel after an insect bite, in a patch of atopic eczema, during an episode of food-induced urticaria, or in association with diabetes, uremia, or scabies mite infection (S1) represents a neuronal projection of a centrally formed sensation into defined regions of the integument (localized pruritus) or into large territories of our body surface (generalized pruritus).
Interestingly, our individual reception of and emotional response to itch strongly depends on its exact quality: while a tickling sensation usually is experienced as pleasurable, persistent itch is an annoying or even torturous sensation (S4). While one is tempted to interpret this as indicating a distinct molecular and/or structural basis of these different itch qualities, it has proven excruciatingly difficult to identify their molecular, structural, and neurophysiological differences (ref. 1; see below).
As pruritus can arise from localized or systemic, peripheral or central stimuli, it is useful to differentiate between its different types. One recent classification system suggests distinctions be made among neurogenic (arising from neurophysiological dysfunction, e.g., due to cholestasis or psychotropic medication), neuropathic (due to a primary neurological disorder), psychiatric (e.g., parasitophobia), and pruritogenic pruritus (arising from skin diseases) (3, 6) . This Review discusses only the latter, most frequent type of pruritus, which requires the involvement and activity of cutaneous sensory neurons that transmit the "itchy" signals via dorsal root ganglia and the spinal cord to the CNS.
Current concepts of itch pathways underlying pruritogenic pruritus and of CNS regions involved in itch processing are summarized in Figure 1 . More plainly speaking, when one senses the difficult-to-control desire to fight itching by self-inflicted painful stimuli, the impression that one's skin itches is nothing but a sensory illusion created by the brain. Thus the CNS-controlled, itch-alleviating motoric activity that unfolds in response to pruritus directly "talks back" to our CNS, almost as if we were scratching the brain itself.
Scratching highlights the close relation of pain and itch
Both pain and itch can be reduced by soft rubbing, which activates fast-conducting, low-threshold nerve fibers (7) . However, the most characteristic response to itching is the scratch reflex: a more or less voluntary, often subconscious motoric activity to counteract the itch by slightly painful stimuli. This itch reduction is based on a spinal antagonism between pain- and itch-processing neurons (8) . This illustrates a therapeutically exploitable, key concept in contemporary pruritus research: itch appears to be under tonic inhibitory control of pain-related signals (1, 4, 5, 8, 9) . Indeed, itch and pain share the use of many neurophysiological tools and processing centers and induce similar autonomous skin reactions. Also, chronic pain and central sensitization to itch appear to be neurophysiologically closely related phenomena (4).
Itch and pain serve different purposes
Yet itch is clearly distinct from pain with respect to the subjective sensation, the inducing stimuli, and the reflex patterns. In contrast to pain-related withdrawal reflexes, itching stimuli provoke the characteristic scratching reflex. This close connection suggests that the neuronal apparatus for itch has developed as a nocifensive system for removal of irritating objects and agents assaulting the skin and thereby the body's integrity (e.g., parasites, insects, sharp objects, irritants, and allergens). While the withdrawal reflex is an adequate response to external noxious stimuli, scratching makes good sense for noxious agents that have successfully passed the epidermal barrier and have already invaded the skin. Here, withdrawal would be useless. Instead, localizing the injured site by scratching and subjecting it to closer examination in order to detect any exogenous danger is required. Thus having skin capable of inducing the symptom of itch may have afforded a substantial selective advantage during evolution.
The sensation of itch and nociception are distinct entities
Results from early psychophysical studies on itch and pain "spots" (S5) invited the interpretation that itch is a kind of low-intensity pain. However, we now know that the sensation of itch and nociception cannot be equated with each other. In fact, the once-popular theories that itch is based on a specific pattern of action potentials running through pain pathways or that itch results from the combination of other primary sensory signals have now fallen out of favor (3, 10) . Likewise the confirmation of the long-denied existence of central itch-specific neuronal pathways in the human and feline systems supports the concept that the sensation of itch and nociception represent distinct sensory systems (9, 11) . Nevertheless, it remains perhaps the most central, and as yet unmet, challenge of neurophysiological pruritus research to fully unravel the biological commonalities and differences between itch and pain. In any case, the systematic, comparative exploration of the mechanisms underlying pain and itch sensations has already proven to be a constant source of innovation and stimulation for investigators who study pruritus. Table 2 and neurophysiological pathways activated during pruritus (pruritogenic itch). Exogenous or endogenous mediators stimulate specific subtypes of peripheral nerve endings of primary afferent neurons (pruriceptors). High-affinity receptors for pruritogenic mediators transmit the stimulus via intracellular signaling from the periphery to the dorsal root ganglia (DRG) and the spinal cord. Within the spinal cord, itch signals can be modulated (see It is the brain that itches, not the skin). From lamina I, a specific area within the dorsal horn of the spinal cord, the signal is transmitted to the CNS after crossing to the contralateral side (see Figure 3 ). Activation of specific areas in the CNS results in the perception of itch, leading to discomfort and a scratch response. Additionally, the associated peripheral axon reflex may lead to the release of mast cell-stimulating neuropeptides (e.g., SP), thereby amplifying pruritus via release of histamine, tryptase, and TNF-α, for example (see Table 1 ). This figure does not consider the interaction between pain and itch fibers on the spinal cord level (see The enigmatic neurophysiology of itch is becoming increasingly understood). There are many more peripheral itch-inducing stimuli than histamine A bewilderingly wide range of peripheral itch-inducing stimuli generated within or administered to the skin can trigger pruritus.
Figure 1
The key message here is that the chorus of itch-inducing agents ( Table 1 ) contains many more protagonists than the usual suspect, histamine. This includes several that are not yet widely appreciated as pruritic compounds or itch-relevant receptors (e.g., proteases, leukotrienes, ion channels, cytokines). The role of histamine, in contrast, is overestimated: small doses of histamine that fail to produce itch are still sufficient to produce edema and erythema upon intracutaneous injection, and nonsedative antagonists of the histamine receptors H1 and/or H2 have often been proven to be of low or no efficacy as antipruritic drugs (refs. 12-15; although others claim efficacy, refs. 16, 17) , while other pruritogens (e.g., pH changes, opioids, proteases, cytokines, acetylcholine [ACh], and neurotrophins in atopic dermatitis patients; see Figure 1 and Table 1 ) are often more powerful itch inducers than histamine. In addition, the dominant role of intracutaneous inflammation in itch pathogenesis, and the vicious cycles of neurogenic inflammation (18, 19) upregulating and perpetuating chronic itch, must be taken into account (see Itch is modulated by painful and nonpainful stimuli: role of opioid receptors). Also, the skin excels in extensive innervation of nonneuronal cells (e.g., keratinocytes, Merkel cells, and Langerhans cells in the epidermis and mast cells in the dermis), adding to the complexity of the signaling loops that have to be considered when investigating the pathogenesis of itch (4). Neurotrophins such as nerve growth factor (NGF) - copiously produced by, for example, the skin epithelium in order to direct and control sensory skin innervation (20) , which is thought to be involved in the pathogenesis of prototypic pruritic dermatoses such as prurigo nodularis and atopic dermatitis (21-23) and whose therapeutic administration is pruritogenic (24) - nicely exemplify the complexity of itch pathogenesis and the cascades of itch-promoting events that render pruritus such a difficult-to-manage clinical problem. Upregulation of intracutaneous neurotrophin production and/or the expression of cognate receptors by inflammatory stimuli (e.g., in the context of atopic dermatitis) increases sensory innervation, lowers the itch threshold, upregulates the expression and/or sensitization of other receptor systems involved in itch pathogenesis (e.g., vanilloid receptors), upregulates the production of other pruritogenic agents (e.g., substance P [SP]), and perpetuates inflammation (e.g., by inducing mast cell degranulation and by forcing the affected individual to engage in a crescendo of scratching activity that further promotes skin inflammation; refs. 4, 19, 20, 25, 26) .
Recently, however, additional histamine receptors have been discovered, and at least one of them - H4R - operates as an "itch receptor" in mice (27) . This finding sheds new light on an old itch suspect and may explain why H1R antagonists are not efficient in certain pruritic skin diseases. This example also nicely illustrates why the study of pruritus has proven to be a field of endless fascination and discovery for clinicians, psychologists, pharmacologists, neurobiologists, endocrinologists, and neuroimmunologists alike.
General limitations of an effective antipruritic therapy
Evidently we need to engage in a lot of scratching our own brains until we can offer our itching patients more efficient, more individually tailored, safer, and better-tolerated itch management. Considerable progress has been achieved in the development of animal models for itch by changing from acute injection models to a disease-related approach (e.g., ref. 28 ). Nevertheless, specific animal models for many clinical itch conditions are still missing. Also the objective, reproducible quantification of itch is a much more tricky and treacherous art than one may suspect. Simple psychophysics using visual analog scales is still the gold standard, but it may best be combined with objective behavioral measurements using digital accelerometers or piezoelectronic devices (29) . Thus far there are no sound indications that itch-specific genes exist. Finally, we face the lack of well-tolerated, easily administered, nonsedative compounds that selectively target dominant CNS "itch centers" - which probably do not exist anyway (see The enigmatic neurophysiology of itch is becoming increasingly understood).
Irrespective of these formidable limitations, it is rewarding, exciting, and important to scout for therapeutically promising frontiers in pruritus research - defining and redefining along the way the many intriguing open questions that just make you itch for more satisfactory answers.
The enigmatic neurophysiology of itch is becoming increasingly understood
The neurophysiological basis for the itch sensation was unclear for decades. Several competing theories coexisted until itch-selective neurons were found in humans, which explained the histamineinduced itch sensation (11) . Slowly conducting C-fibers that trans- duce itch signals have been discovered among the group of mechanoinsensitive C-afferents in healthy subjects and itch patients (30), suggesting a specific pathway for itch. In contrast, the most common type of C-fibers, mechano-heat-sensitive polymodal nociceptors, do not show prolonged activation by histamine and are related to pain processing (31, 32) . The histamine-sensitive itch fibers, also known as pruriceptors, are characterized by a particularly low conduction velocity, large innervation territories, mechanical unresponsiveness, high transcutaneous electrical thresholds, and generation of an axon reflex erythema (11, (32) (33) (34) (35) . However, this histamine-sensitive fiber class cannot account for all aspects of pruritus, particularly the mechanically evoked classification. Thus other classes of primary afferents must be involved in the histamineindependent generation of pruritus (36) . This diversity of primary afferent "itch fibers" would nicely fit to the different submodalities of pruritus ("itch quality") observed in patients (37, 38, S6) .
The concept that dedicated pruritogenic neurons exist has been extended by recordings in the cat spinal cord. These results have demonstrated the existence of a specialized class of mechanically insensitive, histamine-sensitive dorsal horn neurons projecting to the thalamus (9). Thus the combination of dedicated peripheral and central neurons with a unique response pattern to pruritogenic
Figure 2
Central processing of pruritus. Pruriceptive primary afferent nerve fibers from the skin activate spinal neurons in lamina I of the dorsal horn, which project to the thalamus. Direct excitatory connections from the thalamus include anterior cingulate cortex (ACC), insular cortex (Insula), and primary and secondary somatosensory cortices (SI, SII). The putative function of brain areas activated in central imaging studies of itch are summarized. SMA, supplementary motor area; PMA, premotor area; PF, prefrontal cortex; OrbitoF, orbitofrontal cortex; PAG, periaqueductal gray. mediators and anatomically distinct projections to the thalamus provides the basis for a specialized neuronal itch pathway.
Interestingly, these projection neurons do not exhibit spontaneous activity as the pain-processing projection neurons do. This lack of spontaneous activity may be due to active inhibition exerted by painprocessing neurons (8) . Suppressing this inhibition might therefore provoke itch by a pure spinal mechanism - without any activation of primary afferent neurons from the skin (as seen in neuropathic and neurogenic pruritus). Thus one important challenge for more effective itch management will be to develop drugs that selectively upregulate the spinal inhibition of itch signals arriving from the skin.
The itch-selective spinal neurons form a distinct pathway projecting from lamina I of the spinal cord to the ventrocaudal part of the nucleus medialis, which projects to the anterior cingulate and dorsal insular cortex (9, 39) ( Figure 2 ). The supraspinal processing of itch and its corresponding scratch response in humans have recently been investigated by functional PET (fPET) and functional MRI (fMRI). Here induction of itch by histamine application coactivates the anterior cingulate and insular cortex, premotor and supplementary motor areas, cerebellum, primary somatosensory cortex, and thalamus (40) (41) (42) . As done earlier for pain sensation, particular aspects of the itch sensation have been correlated with the activation of certain brain areas: spatial and temporal aspects may be processed in the primary somatosensory cortex, planning of the scratch response in the premotor and supplementary motor cortices, and affective and motivational aspects in the anterior cingulate (38, 43) and insular cortex ( Figure 2 ). All these brain areas are also involved in pain processing (44) . Thus differences between pain and itch processing likely do not result from activation of distinct brain centers, but reflect a different activation pattern of basically identical centers. For example, itch processing may be characterized by weaker activation of pri-mary and secondary somatosensory cortices but relatively stronger activation of ipsilateral motor areas and anterior cingulate compared with pain sensation.
When the modulation of itch by painful cold stimuli was examined by fPET, the periaqueductal gray matter was activated only when painful and itching stimuli were applied simultaneously (42) . This activation was combined with reduced activity in the anterior cingulate, dorsolateral prefrontal cortex, and parietal cortex. This suggests that the periaqueductal gray, which is known for its role in endogenous pain inhibition, might also be involved in the central inhibition of itch by pain ( Figure 2) .
Studies with fMRI have largely confirmed activations that had been revealed by earlier PET results. However, they also found strong activation of prefrontal and orbitofrontal cortices (45, S7). These frontal brain areas are involved in reward systems and decision making but also in hedonic experiences (46) ; their activation might contribute to the compulsive component and thereby further increase the multidimensionality of the itch sensation.
Given the complex activation pattern and the broad overlap of pain processing, a clear anatomical target for centrally acting antipruritic therapy is lacking. Also, identification of pharmacological targets will require more specific imaging techniques, such as ligand-PET. This already has been successfully used to localize receptor density and to verify genetic differences in occupancy of opioid receptors (47) . Though this has increased our understanding of how acute experimental itch is processed, central imaging has not yet identified critical anatomic or pharmacologic targets in clinical pruritus. Therefore, imaging studies in itch patients are urgently required, although as one can learn from the pain field, such studies are much more complex and difficult to interpret than the simplistic experimental setting using itch models in healthy volunteers.
Figure 3
Pruritogenic receptors interact synergistically, thereby amplifying itch or pain. (A) Activation of PAR2 leads to binding of G proteins (Gαq/11), followed by (B) stimulation of the intracellular PKC pathway and mobilization of intracellular [Ca 2+ ] via phopholipase Cb (PLCb), diacylglycerol (DAG), and inositol triphosphate (IP3). PIP2, phosphatidylinositol 4,5-biphosphate. This results in (C) sensitization of TRPV1 by phosphorylation of the intracellular C terminus (heterologous sensitization). Sensitization of TRPV1 leads to (D) a lowered threshold for capsaicin binding or temperature, i.e., stimulation of TRPV1. This mechanism affects release of neuropeptides (activation of mast cell degranulation) from nerve terminals of sensory nerves as well as stimulation of activation potentials (transmission of pain and pruritus to the spinal cord).
Itch is modulated by painful and nonpainful stimuli: role of opioid receptors
It is common experience that the itch sensation can be reduced by scratching. The inhibition of itch by painful stimuli has been experimentally demonstrated by use of various painful thermal, mechanical, and chemical stimuli (S8). Painful electrical stimulation reduced histamine-induced itch for hours in an area spanning 10 centimeters beyond the site of stimulus, suggesting a central mode of action (48) . Recent results suggest that noxious heat stimuli and scratching produce a stronger itch inhibition than do noxious cold stimuli (49) .
On the contrary, analgesia may reduce the inhibition of itch by pain, thus enhancing pruritus (50) . This phenomenon is particularly relevant to spinally administered μ-opioid receptor agonists, which induce segmental analgesia often combined with segmental pruritus (31) . Conversely, μ-opioid antagonists have antipruritic effects in experimentally induced itch (S9) and also in patients with cholestatic itch. Remarkably, in some cholestatic patients treated with naloxone, the reduction of itch is accompanied by the induction of pain (51) and withdrawal-like reactions (52) . This suggests an upregulation of endogenous opioids in these patients.
In contrast to strong analgesic and pruritic spinal effects of μopioids, an inhibition of both pain and itch - albeit weaker - is observed in the periphery (46, 53, 54) . The role of nonneuronal opioid receptors and the secondary release of endogenous opioids (see Additional TRP channels are interesting targets in pruritus management) for the modulation of pruritus is as yet unclear. For example, it has been speculated that internalization of the μ-opiate receptor in the epidermis of patients with atopic dermatitis may lead to the availability of free opioid ligands, which then induce chronic pruritogenic signals via altered unmyelinated nerve C-fibers (4, 55) .
Chronic skin inflammation causes peripheral sensitization to itch
It has been known for decades that acute or chronic skin inflammation lowers the threshold for pruritic stimuli and thus causes peripheral itch sensitization (56, S2) . The complex mechanisms underlying these phenomena (wheal, flare, edema) are becoming better understood. During inflammation, several cells release mediators that potentially bind to and activate high-affinity receptors on sensory neurons. Upon stimulation, mast cells release his- tamine, tryptase, TNF-α, prostaglandins, and/or leukotrienes; keratinocytes release ACh, proteases, or b-endorphin; endothelial cells release kinins and protease-IV; and T cells release IL-2, IL-6, or IL-31, among others ( Figure 1 and Table 1 ) (18, 19) .
Peripheral sensory nerve endings express an armada of receptors that are involved in both inflammation and itch ( Figure 1 and Table 1 ). Thus prolonged stimulation of itch receptors in the inflammatory environment may cause peripheral sensitization to itch. So far, less is known about the communication among the different neuronal receptors. For example, neuronal receptors such as transient receptor potential (TRP) vanilloid-type 1 (TRPV1) and proteinase-activated receptor 2 (PAR 2 ) may potentiate pain or pruritus by transactivation ( Figure 3 ) (refs. 57, 58; reviewed in refs. 59-63, S10). Thus one wonders whether inhibitors of TRPV1 and/or PAR 2 (see Proteinase-activated receptors play a key role in pruritus during neurogenic inflammation) alleviate inflammation-associated (pruritogenic) itch.
Proteinase-activated receptors play a key role in pruritus during neurogenic inflammation
In fact, we have learned that proteases are more than just "scissors of destruction"; rather, they are representative of a group of mediators that communicate with nerves, thereby modulating inflammation, pain, and pruritus (64, 65) . Similar to histamine or prostaglandins, certain proteases act as signaling molecules by activating PARs (66, S11). Proteases from plants (e.g., pollen), mites (e.g., house dust mite), or inflammatory cells (e.g., mast cell tryptase) can induce pruritus and/or inflammation (Figure 4 ; reviewed in ref. 60 ). PAR 2 , which can be activated by tryptase during inflammation or hypersensitivity, mediates neurogenic inflammation reflected by edema, plasma extravasation, and recruitment of leukocytes (64, 67) . Interestingly, tryptase and PAR 2 are upregulated on sensory nerves during atopic dermatitis, and PAR 2 agonists induce pruritus in these patients, suggesting that PAR 2 - similar to histamine receptors - is a receptor for "itchy" proteases (68) . It is unknown whether PAR 1 and PAR 4 are also involved in the itch pathway and under which circumstances proteases may induce pain, inflammation, or pruritus. From first indications, it seems to be a matter of protease concentration (69) . Since PAR 2 is not only expressed in peripheral neurons but also in the spinal cord and brain, protease inhibitors and antagonists of PAR 2 may be important tools for the treatment of itch with or without acute or chronic inflammation.
Chronic skin inflammation may cause central itch sensitization
Recent findings shed new light on the role of chronic inflammatory stimuli in pruritus with special regard to central sensitization of itch fibers. Activity in pruriceptors not only provokes itch but additionally facilitates spinal itch processing, resulting in touchor brush-evoked pruritus around an itching site (itchy skin) (S2, S12). It requires ongoing activity in primary afferents and is most probably elicited by low-threshold mechanoreceptors (A-b fibers) (S12, S13). Moreover, even normally painful stimuli can be misinterpreted as itch in a chronic itch condition when applied directly to pruritic skin lesions (48, 56) .
Ongoing activity of pruriceptors, which presumably underlies central sensitization for itch, has already been confirmed microneurographically in a patient with chronic pruritus (30) . In addition, lasting activation of pruriceptors by histamine has been shown to experimentally induce central sensitization for itch in
Figure 5
The putative role of TRPV1 signaling in the pathogenesis and therapy of itch. (A) Pruritogenic endovanilloids either directly or indirectly (via their own cognate receptors) activate and/or sensitize TRPV1 expressed on sensory neurons and nonneuronal cell types, which augments the bidirectional intercellular network to initiate itch. (B) Repeatedly applied topical vanilloids (such as capsaicin) may desensitize neuronal and nonneuronal TRPV1-mediated signaling so as to counteract the pruritogenic intercellular network and hence terminate itch. Note that certain cannabinoids (via acting either on specific CB receptors or directly on TRPV1) may augment the efficacy of vanilloid therapy.
healthy volunteers (56) . Thus there is emerging evidence for a role of central sensitization in itch modulation during chronic pruritus. As there are many mediators and mechanisms that are potentially algogenic in inflamed skin (70), many of them could provoke itch in a sensitized patient.
Psychoemotional stress triggers or enhances itch
Clinically, it has long been appreciated that both acute stress (stressful life events) and chronic psychoemotional stress can trigger or enhance pruritus (18, 19, 71) . Recent insights into the neuroendocrinology and neuroimmunology of stress responses have improved our understanding of why this may happen. Stress responses are known to be learned, to involve cortical centers, and to activate the hypothalamus-pituitary-adrenal axis (72, 73) . Since stress responses can be reprogrammed (e.g., by behavioral and neuropharmacological/neuroendocrine therapy), deeper knowledge of the mechanisms underlying central itch control may lead to novel, innovative, psychosomatic, or neuropharmacological approaches for behavioral itch therapy. There is much to be learned about stress-induced itch from stress-related analgesia (74) . Independent of direct effects of stress hormones (e.g., adrenocorticotropin-releasing hormone, cortisol, noradrenaline), the activation of endogenous pain-inhibitory systems, part of which are naloxone sensitive (75) , should directly enhance itch processing by reducing its inhibition.
Moreover, the experience of increased itch upon stressful events would also lead to conditioning of itch and thereby aggravate and perpetuate stress-induced itch. For example, a close relationship between itch and psychological factors has been demonstrated in hand dermatoses, especially in patients who were convinced that stress was a major trigger of their disease (76) .
The important role of learning processes in the development of chronic pain has been recognized (77) and resulted in the development of successful operant behavioral treatment regimens (S14) for chronic pain patients. Although there is evidence for clinically relevant learning effects in chronic itch (S15), the formation and reprogramming of itch memory has not yet been systematically explored.
Endovanilloids and the TRPV1 ion channel are promising targets for antipruritic therapy A novel putative mechanism in the pathogenesis of itch has recently emerged. Certain itch mediators - such as eicosanoids, histamine, bradykinin, ATP, and various neurotrophins (78-81) - can be collectively coined as having endovanilloid functions (82) . These agents, along with other potentially pruritogenic stimuli such as mild heat (>43°C) and acidosis, either directly or indirectly activate and/or sensitize TRPV1 (78, 83, 84) .
TRPV1 belongs to the superfamily of TRP channels, which is composed of 6 groups of molecules: the canonical (TRPC), the vanilloid (TRPV), the melastatin (TRPM), the polycystin (TRPP), the mucolipin (TRPML), and the ankyrin transmembrane protein 1 (TRPA) subfamilies. In general, these molecules act as nonselective calciumpermeable sensory transduction channels detecting, for example, temperature and osmotic/mechanical changes (reviewed in ref. 85 ).
TRPV1 was originally described as appearing on nociceptive sensory neurons (83) as a central integrator of various pain-inducing stimuli. Besides endovanilloid-induced activation (Figures 3 and 5 ), TRPV1 can be effectively activated by capsaicin, the pungent ingredient of hot chili peppers. TRPV1 activation first excites (84) , then desensitizes, the sensory afferents - an effect that establishes the basis for the therapeutic application of vanilloids to mitigate pain and itch (3, S16). Vanilloid administration results in a depletion of neuropeptides (such as SP) in the C-fibers, which suspends the interplay between skin sensory neurons and mast cells ( Figure 1 ) (3, 6, 10) . Indeed, topical capsaicin suppresses histamine-induced itch (86) and is increasingly used in the therapy of pruritus in numerous skin diseases (reviewed in refs. 3, 6, 87) .
A new itchy twist has recently propelled TRPV1 research beyond its confinement to sensory physiology: functional TRPV1 channels are now recognized to be expressed by numerous nonneuronal cell types, including human epidermal and hair follicle keratinocytes, dermal mast cells, and dendritic cells (88) (89) (90) . TRPV1 activation - besides markedly affecting keratinocyte proliferation, differentiation, and apoptosis - results in the release of pruritogenic cytokine mediators from these nonneuronal cells (91, 92) . 
Role of neuronal cytokine receptors in itch sensation
Antipruritic therapy using specific cytokine suppressors (113, S20) Role of TRPV1 in the pathogenesis of itch Antipruritic treatment using natural TRPV1 agonists such as (4, 83) modified forms of capsaicin or resiniferatoxin
Role of TRP channels in itch
Antipruritic treatment using thermal therapy (123, 124) These findings invite researchers to postulate that, besides activating their own cognate receptors (Table 1) , the endovanilloid itch mediators also activate and/or sensitize TRPV1 expressed on itch-specific sensory neurons (to fire action potentials) and many other skin cells (to upregulate the release of pruritogenic substances; Figure 5A) (4) . In consequence, repeatedly applied topical capsaicin, or other therapeutically promising vanilloids, may desensitize neuronal and nonneuronal TRPV1-mediated signaling so as to counteract pruritogenic intercellular signaling ( Figure 5B ). In fact, TRPV1 expression is dramatically increased in lesional epidermal keratinocytes of prurigo nodularis patients (90) , and topical capsaicin is effective in this intensely pruritic disease characterized by vicious cycles of neurogenic inflammation and neurotrophininduced nerve sprouting (3, 93, S1).
The most notorious clinical limitation of capsaicin application is the burning sensation. Therefore, better TRPV1 agonists that cause only a minor excitation but are still potent desensitizers are needed. A chief candidate is resiniferatoxin (S17), which is 3 times more potent as a desensitizer (i.e., to treat pain and itch) than as an excitatory agent (i.e., to cause pain) (S16). Alternatively, TRPV1 antagonists (such as capsazepine or iodo-resiniferatoxin; S16) deserve more attention as potential antipruritic agents.
Are endocannabinoids involved in itch pathogenesis?
The cannabinoid system (94) provides another putative itch frontier. Cannabinoid receptor 1 (CB1) and TRPV1 show marked colocalization in sensory neurons (94) . Moreover, CB1 agonists effectively suppress histamine-induced pruritus (95), suggesting the involvement of CB1 signaling in the initiation of itch. Furthermore, under inflammatory conditions (96) cannabinoids also activate the TRPV1 pathway and thereby switch their neuronal effect from inhibition (97) to excitation and sensitization ( Figure 3 ) (98). Finally, since CBs, just like TRPV1, are also expressed by nonneuronal human skin cells (99, 100) , CBs may be involved in the neuronal/nonneuronal cellular network of pruritogenic stimuli arising in skin. Thus coadministration of a TRPV1 agonist with a CB1 agonist would be expected to serve as a potent antipruritic regimen ( Figure 5B ). In addition, this would prevent the acute burning sensation initiated by capsaicin, since CB agonists (e.g., anandamide and HU210) prevent the excitation induced by capsaicin (101, 102) .
Additional TRP channels are interesting targets in pruritus management
The fact that cold generally alleviates itch while increasing temperature tends to aggravate it (3, S1) draws our attention to other members of the TRPV subfamily (TRPV2, TRPV3, and TRPV4). These channels operate as cellular temperature sensors, since all are activated by differential temperatures (103) (104) (105) . TRPV3 shows a very similar neuronal expression pattern to that of TRPV1, and TRPV3 subunits may form heteromultimeric structures by interacting with TRPV1 monomers (105) . Therefore, TRPV3 may act as signal cotransducer and/or regulator of TRPV1-mediated pain and itch.
Most intriguingly, quite like TRPV1, functional TRPV2, TRPV3, and TRPV4 channels are highly expressed by epidermal keratinocytes and mast cells (104, (106) (107) (108) . Moreover, TRPV4 is activated by such lipid peroxidation products as eicosanoids, which function as TRPV1-activating pruritogenic substances (109) . Physical and thermal activation of TRPV2 causes mast cells to degranulate, which depends on protein kinase A-related signaling (107) - one of the chief mechanisms in initiating pain- and itch-inducing TRPV1 sensitization (81) .
Finally, TRPM8 receptors deserve to be mentioned. Expressed by C-type sensory neurons, they serve as thermosensors for coolness and cold (i.e., 8°C to -28°C). TRPM8 is also activated by chemicals - menthol, menthol analogs, and icilin (S18) - that produce sensations of cold (110) . Menthol has a long tradition in topical anti-itch therapy (albeit with moderate success; ref. S1), and in an animal model of scratching provoked by a magnesium-deficient diet, topical icilin significantly reduced excoriations in hairless rats (4) . In short, all of these receptors warrant systematic exploration of their nonthermosensor, itch-related signaling roles.
Conclusion and perspectives
This exploration of recent frontiers in pruritus research reveals that we still lack a single, universally effective pharmacological handle on combating itch and that, due to the inherent neurophysiological and neuroimmunological complexity of itch pathophysiology, it would be naive to expect that such a one-shot cure of itch will become available any time soon. However, the complexity of the interactions between the central and peripheral nervous system and the skin in producing this symptom notwithstanding, a broad but concrete spectrum of molecular targets for effective itch intervention has moved into view. If these "hot spot" molecules, both in the CNS and peripheral nervous system, are further explored systematically, we undoubtedly will move much closer to developing more effective therapeutic combination strategies for pruritus management.
In particular, it has become apparent that timely combination approaches that target both the peripheral production of inflammation-induced itch signals and the peripherally incited vicious cycles that perpetuate itch and cause spinal and central sensitization to itch are needed. Thus the combination of peripherally active antiinflammatory agents with drugs that counteract chronic central itch sensitization is a particularly sensible approach beyond the antihistamine horizon. Table 2 concludes this excursion by summarizing some of our current personal favorites among the "itch frontiers," which we expect to pave the way for the development of innovative and more effective approaches to itch management in the future.
